Abstract High intensity, low-energy sweeteners (LES) are used by many consumers in order to limit energy intake and possibly facilitate body weight control. These beneficial effects are often questioned in the scientific and lay media. LES are frequently accused of stimulating and/or maintaining a liking for sweetness which in turn would be deleterious for adequate body weight control. Evidence for the specific effects of LES use on appetite for sweet products will be extracted from observational studies, experimental laboratory studies, randomized controlled trials, and finally brain imaging studies. While many of the existing studies cannot identify any causal links between use of LES and appetite for sweetness, randomized trials in children and adults suggest that use of LES tends to reduce rather than increase the intake of sugarcontaining foods and to facilitate, rather than impair, weight loss.
Introduction
Sweetness is a potent psychobiological stimulus for many animal species, and particularly for humans of all ages. Sweetness clearly increases the palatability of numerous foods and beverages, and stimulates intake [1] . The potent attraction of humans to sweet tasting foods and beverages has given rise to the notion that the appetite for sweet products may stimulate overeating and induce weight gain over the long term. In fact, in traditional food products, sweetness is brought by sugars, carbohydrates with a distinctive sweet taste, which also bring calories: 4 kcal per gram. A high appetite for such energy-rich substances can facilitate overconsumption and, in a society where palatable and convenient foods are widely available, override the physiological energy-regulation mechanisms [2, 3] . In order to allow consumers to enjoy the palatable sweet taste of their favorite foods and beverages without the energy load of sugar, a number of intense sweetening agents have been developed in the last decades. These substances have a very high sweetening power compared to sugars, so that they can be used in minute amounts to confer the desired level of sweetness to foods and drinks, while contributing very little or no energy at all to the final product.
Over the years, such intense, low-energy sweeteners (LES) have raised concerns and fears. They have been accused of fueling the worldwide obesity epidemic [4] , of increasing the risk for diabetes and cardiovascular disease [5] , and of inducing metabolic derangements [6] . These concerns have been extensively examined elsewhere [7] . The present review will address different issues. It has been suggested that intense LES enhance the natural appetite for sweetness, exacerbate the liking for and intake of sweet products of all kinds, and prevent consumers from managing their response to sweetness. Such a view was expressed notably in the French Nutrition and Health Program (PNNS), whose website [8] claims that LES products prevent a "weaning" from sweet taste, in the same fashion as weaning occurs from maternal milk in infants or perhaps from a dependence-inducing drug. The notion of "addiction" to palatable foods has indeed been proposed in the scientific literature [9, 10] and it is interesting to examine how this concept applies to sugar, LES, or to sweetness itself.
LES and Body Weight Control
There is currently much research on the biological mechanisms that drive the consumption of sweet-tasting foods. One key concern is whether prolonged exposure to sweettasting, yet non-or low-energy foods can disrupt the psycho-physiological links between taste responsiveness, appetite, and energy intake. Can exposure to LES enhance the appetite for sweet foods and drinks? Do LES stimulate the intake of sweet tasting products? Do LES affect body weight control?
The notion that LES might enhance appetite and intake is not a new one. It was formulated in the 1980s by John Blundell and his team [11] [12] [13] [14] [15] . Blundell underlined that sweetness is a potent psycho-physiological stimulus of appetite and intake. The novel situation created by intense, low-calorie sweeteners is that they uncouple sweet taste and energy content. When a sweet-tasting and energycontaining product is ingested, the sensory stimulation is followed by post-ingestive effects that act to limit intake; such effects include alliesthesia (a decrease in experienced pleasantness of the food) [16] and the metabolic responses to energy-yielding sugars. By contrast, according to Blundell's early hypothesis, while LES stimulate appetite via their sweet taste, they exert no post-ingestive inhibitory influence [11] . The experience of sweetness in the absence of calories, for example when having a diet drink, might weaken the natural sweetness-energy relationship and consequently disrupt appetite control mechanisms. Blundell made it clear that he never claimed that LES per se, and particularly aspartame, stimulated appetite and intake [14] . His view was that the experience of sweetness itself was a stimulus of appetite and ingestion.
In accordance with this hypothesis, Blundell and his group published a number of studies showing an increase in energy intake following the presentation of various foods or beverages sweetened with LES [11] [12] [13] . These early results have not been replicated by numerous later works that failed to show any stimulatory effect of LES on appetite and/or energy intake. The vast literature in this field is reviewed periodically and systematic reviews and meta-analyses [17, 18] concluded that the use of LES, as opposed to sugar, actually induced a decrease in daily energy intake and facilitated weight loss in dieters.
The present article will not revisit the just cited literature about energy intake and body weight control, but will rather concentrate on studies examining how the use of LES by human consumers might potentially modify the appetite for and the intake of sweet tasting products. A few studies conducted in Europe and America, using very different methodological approaches, shed some light on potential effects.
Observational Studies
The large-scale epidemiological SuViMax study included 12, 000 French adults, aged 45-60 years at the start of an 8 yearfollow-up of dietary intake and health [19] . In this doubleblind randomized study, one experimental group received daily supplementation with various vitamins and minerals at doses usually found in a healthy diet, while a control group received a placebo. All took part in the same physical examinations and answered the same questionnaires about diet, exercise, and a number of elements of lifestyle. Among the participants about 20 % of males and 30 % of females were users of LES at least occasionally [20] . It was observed that users were slightly but significantly heavier than non-users (about 1.5 BMI point) and had higher fasting levels of glycemia and triacylglycerol. Users of LES also had a lower daily energy intake (about 4 %) than non-users, and ingested significantly less sugar. According to food choices reported in dietary questionnaires, it appeared that users of LES ingested less potatoes and less sweets, but more yoghurt than nonusers. Overall, these data are consistent with the notion that users of LES are individuals with higher weight control difficulties than non-users, who are actively trying to decrease their intake of sugars via healthy food selection in addition to the use of LES at least occasionally. The results provided no evidence suggesting enhanced appetite in general, or higher appetite for sugar and sweet products in users of LES.
A study of purchases at the supermarket was conducted in a group of 1574 American adults living alone [21] . Examination of cash register receipts showed that the purchase of LES "light" drinks was associated with the purchase of "healthy foods" (fruits and vegetables for example), but not with the purchase of energy-rich or sugar-rich products.
In the USA, the National Weight Control Registry was established in 1993 to study formerly obese individuals who successfully lost a significant proportion of their obese body weight (10 % or more) and maintained a normal BMI for at least 5 years [22] . These "successful losers" share a number of behavioral characteristics, in comparison with persons who were never obese: they consume a low-fat diet, ingest less energy daily, have higher levels of physical activity, and consume more LES "light" beverages [23] . In this population, the regular intake of LES is associated with no sign of increased appetite in general or specific appetite for sweet-tasting products.
Laboratory Studies
A sensory evaluation test examined the taste responses to a sweetened fruit juice in 64 normal weight or overweight women [24] . Among the subjects, the participants who were frequent users of LES showed the same level of appreciation of the juice as women who were frequent users of sugar, again suggesting no heightened appetite for sweetness in users of LES.
In a laboratory study, eight habitual normal weight/ overweight consumers of large quantities of LES beverages (over 825 ml/d) were compared to eight non-consumers [25] . The appetite for sweet or for savory foods was rated using visual analogue scales in the hours following the intake of either a sweet tasting or a non-sweet tasting lunch. A similar decrease in appetite for something sweet appeared in all groups following the sweet lunch. By contrast, an increase in subjective appetite for something sweet was noted in consumers of LES beverages following the nonsweet lunch, but not in non-consumers of LES. In spite of this difference in ratings of appetite, the actual intake at the next eating occasion was not different. So in this small group (n=8) of very large consumers of LES, a significantly higher appetite for sweetness was observed in one experimental situation (following a nonsweet lunch) and was limited to subjective ratings but did not affect consumption. This study does not identify the causal links between reported observations. It remains unclear whether a high regular intake of LES might have modified appetite in consumers or whether individuals with a pre-existing high appetite for sweetness (possibly determined by a variety of reasons from genetics to culture and personal food history) were more likely to both become high users of LES and to demonstrate enhanced appetite for something sweet following a nonsweet tasting meal.
Randomized Controlled Trials
It is often suggested, as in the PNNS website for example [8] , that the use of LES might prevent a "weaning" from sweet taste. This notion suggests, in particular, that dieters who limit their intake of sugar-containing products and do not use LES should experience a spontaneous decrease of liking for sweet products, as their diet would induce them to select healthier, non-sweet foods. Hypothetically, such a beneficial and spontaneous change might be antagonized by LES. In order to test this hypothesis, it should first be established that a decline in appetite for sweetness is actually induced by weight loss programs. Existing evidence does not support this notion. Quite the contrary, weight loss can induce an increase in taste sensitivity (lower perception thresholds) and liking for sweetness, as a result of changes in the hormonal status (decrease in leptin levels and increase in ghrelin [26, 27] among other effects). Diet-induced weight loss can therefore be accompanied by an increase in appetite for sweet tasting products whether or not LES are consumed during the diet. This effect of weight lossassociated hormonal changes might be incorrectly attributed to the use of LES.
The question of appetite for sweetness in dieters was addressed in a recently published RCT carried out in obese adults. In a weight loss intervention, participants (n=104) were asked to replace daily intake of sugar-sweetened beverages with LES beverages, while another group (n=106) was asked to replace sugar-sweetened beverages with water [28•] . The six-month intervention did not include any other dietary prescription (no caloric restriction). The hypothesis tested was that consumption of LES in beverages would enhance the consumption of sweet-tasting foods and beverages. Although weight loss was similar in both groups at the end of treatment (2-2.5 % of initial weight), several differences appeared over the intervention period between the water and LCS groups. In response to the intervention requirements, intake of diet beverages increased in the LES group and average daily intakes reached about 1 liter a day, in contrast to the intake observed in the water group (about 80 ml a day at the end of the intervention). Therefore there is no question that the LES group was exposed to a high level of daily intake, likely capable of inducing the hypothesized increase in appetite for sweets.
The dietary changes recorded in the intervention group did not support the hypothesis. The participants exposed to a high level of intake of LES beverages for six months significantly reduced their sugar intake during the intervention. Notably, intake of sugar-containing beverages, including tea and coffee, dropped significantly as it did in the water group. In the LES beverage group, however, intake of desserts and caloric sweeteners decreased more than it did in the water group. In this RCT, spontaneous intake data brings no support to the notion that LES in beverages exert an enhancing effect on appetite in general, and on appetite for sweet-tasting products in particular. Actually the results suggested a broader suppression of appetite for sweetness in participants with a high daily intake of LES drinks than in the water group.
A recent report [29] of a 12-wk randomized behavioral intervention for weight loss indicates a higher weight loss in a group of obese participants required to drink LES beverages every day, compared to participants who were requested to drink equivalent amounts of water (5.95 versus 4.09 kg). The larger weight loss in the LES group was accompanied by a larger reduction in subjective feelings of hunger than was observed in the water group. In fact, while the water group reported a small (non-significant) increase in experienced hunger from baseline to the end of intervention, the LES group reported a small (non-significant) decrease in experienced hunger. These divergent changes add up to produce a significant overall effect of treatments on hunger sensations at the end of the intervention. The specific appetite for sweetness or sweet-tasting products was not tested in this study. A 9-mo follow-up of this intervention is currently being carried out and will reveal the longer-term effects of the LES beverage treatment.
The DRINK study is a randomized trial carried out in school children [30, 31, 32•] . In a sensory evaluation pre-test, it was shown that sugar-sweetened and LES beverages could be discriminated by taste but had the same palatability value. During an 18-month intervention 641 mostly normal weight children were randomized into two groups. One group received and drank a sugar-containing beverage (104 kcal) every day, whereas the control group received and drank a placebo drink (sweetened with LES). Over the intervention phase, no "compensation" appeared for the absence of energy from the LES drink, and experienced satiety was the same in both groups. Nevertheless, replacing sugar-containing beverages with sugar-free beverages reduced weight gain and body fat accumulation over the intervention period. Again this randomized controlled trial in children shows no support for the hypothesis that LES might exacerbate liking or wanting of sweet tasting products.
Functional Magnetic Resonance Imaging Studies
The recent development of brain activation studies using functional magnetic resonance imaging (fMRI) has established that the human brain can dissociate a sweet nutritive taste from a non-nutritive one [33] [34] [35] . A few studies reported differences in the brain responses to sweetness in regular users of LES versus non-users. A negative association between the use of LES and the reward-signaling amygdala response to sucrose ingestion was observed in one study of normal weight/ overweight persons [36] . By contrast, another work reported that normal weight/overweight individuals with frequent intake of LES soda exhibited greater activation in response to sweet taste (sucrose and saccharin) in the dopaminergic midbrain and right amygdala as well as in reward processing brain regions such as the orbitofrontal cortex [37] . Methodological differences could perhaps account for these apparently discrepant reports.
Although future fMRI studies will certainly bring more evidence on brain responses associated with regular use of LES, it is important to remember that cross-sectional studies, such as the fMRI works published so far, cannot possibly demonstrate causal relationships, whatever their level of technical sophistication. Observing that some brain regions are more or less activated by sweet tasting stimuli of various kinds does not inform about the causal mechanisms involved. It is possible that the frequent intake of LES in foods and beverages might increase the liking for such products, thereby inducing changes in brain responses; conversely, it is possible that the observed differences in brain activity might reflect initially higher liking or wanting for sweet tasting products and/or difficulties in appetite control that might lead individuals to adopt LES. More research is needed before we can make sense of the results of fMRI studies and interpret the critical causal relationships.
Conclusions
LES are a class of substances that share an intense sweet taste but vary considerably in their physicochemical structures. Their safety is under continuous scrutiny by public health authorities in the developed world. For instance, the safety of one LES, aspartame, was re-affirmed by the European Food Safety Authority (EFSA) in December 2013 following an extended review of all relevant literature [38] . While the concerns for safety will continue to be monitored by the relevant public organizations, the conditions of use for optimal benefits have to be identified.
Overall, the existing studies, using widely differing methodologies in various types of consumers (men, women, lean, obese, never obese, formerly obese), reach largely convergent conclusions: the use of LES shows no consistent association with a heightened appetite for sugar or sweet products. In fact, in many instances, the use of LES is associated with a lower intake of sweet tasting substances. Recent intervention studies in children and adults confirm that LES use tends to reduce rather than increase the intake of sugar-containing foods, and to facilitate, rather than impair, weight loss. Longer-term randomized studies are needed to confirm the benefits of LES in different aspects of weight control: prevention of weight gain, weight loss, and/or maintenance of weight loss.
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